In the recent years, steelmaking slag is attracting attention as suitable materials for restoration of estuary ecosystems. However, there is concern about solidification when the material is applied to create seagrass beds. In this study, dephosphorization slag (DePS) was immersed into seawater for 10 months to examine the solidification processes and its mechanisms to control the strength of solidification. The hypothesis in this study is that solidification could be alleviated by adding dredged soil to the DePS. After 5 months of immersion, the shear strength of the DePS increased from 1.8 to 5.0 kN/m 2 ; however, its shear strength decreased significantly to 3 kN/m 2 after 10 months. Furthermore, after 5 months, reddish color was observed on the surface of the DePS, whereas the color of the surface of the DePS turned black at 7 months under reducing condition with covering by mud. To validate the results, we carried out an additional study, in which the DePS was immersed in seawater, and the solidified DePS was subsequently treated with Na 2 S; the increase and decrease of the shear stress of DePS were reproduced. The solidified DePS before and after exposure to reducing conditions was also analyzed using a combination of microanalysis with an electron probe and Mössbauer spectroscopy. These analyses showed that the solidification was caused by the formation of bridges that composed of iron oxyhydroxides, whereas the subsequent embrittlement of the solidified DePS was attributed to changing in the chemical species of iron.
Introduction
Anthropogenic developments such as landfill sites and land reclamation have negative impacts on the survival of seagrasses. Increases in turbidity and microalgal growth also inhibit the growth of seagrasses through deposition of suspended solids on submerged leaves and decreases in water transparency (e.g., Tamaki et al. 2002) for example, the area of eelgrass beds in the Seto Inland Sea, the largest enclosed sea in Japan, decreased from 22,635 ha in 1960-5574 ha in 1971 (Ministry of the Environment 2013). Submerged and emergent seagrass meadows provide good habitats for a wide variety of fishes and macrobenthos, and also support high productivity and biodiversity (Blanchet et al. 2004; Edgar and Shaw 1995; Zhou et al. 2015) . In addition, they also enhance sediment stabilization and dampen wave energy (Hendriks et al. Electronic supplementary material The online version of this article (doi:10.1007/s10098-016-1110-6) contains supplementary material, which is available to authorized users.
2008; Gambi et al. 1990 ), resulting in a stable environment for marine organisms. In the recent past, there has been a resurgence of interest in restoration of the coastal zone; scientists worldwide have been reminded of the importance of seagrass beds, and seagrass beds have been restored and new ones have been created (e.g., Tanner 2015) .
To restore and create seagrass beds in Japan, natural sandy materials such as sea sand have typically been used as the sediment media (e.g., Terawaki et al. 2005) . Mining of sea sand, however, is prohibited in some prefectures to avoid disturbance of the coastal ecosystem, oxygen depletion, and blue tides that result from the existence of borrow pits (Takeoka 2002) . Therefore, alternatives to sea sand are needed so that seagrass beds can be restored and created. Candidate materials, such as blast furnace slag (Hizon-Fradejas et al. 2009a, b) and steel making slag (Nishijima et al. 2015a; Hayashi et al. 2011 ) that are byproducts of the steelmaking industry, mountain sand (Hizon-Fradejas et al. 2010) , and granulated coal fly-ash produced from thermal power stations (Asaoka et al. 2009 ), have been examined in previous studies. The focus of this study is steelmaking slags.
About 15 Mt of steelmaking slags are produced annually in Japan (Asaoka et al. 2013; Hayashi et al. 2014 ). Because they are mass produced and are widely available, these steelmaking slags have been used as a construction material for roads, coarse aggregate in concrete, and as a component of the raw material of cement (Motz and Geiseler 2001; Kim et al. 2015) . In recent years, however, slags have been tested as an alternative for sea sand to restore coastal areas (e.g., Okuda et al. 2014) . Previous studies have shown that slags are useful for phosphate (Haynes 2015; Yamada et al. 1987) and hydrogen sulfide removal (Kim et al. 2012; Miki et al. 2013) , and, by releasing iron, to promote the growth of seaweeds (Nagai et al. 2014; Yamamoto et al. 2012) . While there are advantages to using steelmaking slag, there are also some problems, such as the release of free Ca and aggregation of particles. Steelmaking slags are known to release free Ca and increase the pH of seawater, and a lime-pozzolanic reaction of calcium ions derived from the hydrolysis of Ca(OH) 2 with silicate and aluminate was reported as one of possible mechanisms of solidification (e.g., Asaoka et al. 2013) . It would therefore be useful to have a better understanding of the solidification process that occurs in steelmaking slag when used as a substrate for seagrass, and the mechanisms and countermeasures that control solidification so that suitable methods can be developed to increase the potential use of slag as an alternative to sea sand.
In previous studies, steelmaking slags that originated from dephosphorization and decarburization processes have been used as the main sediment media for constructing artificial tidal flats in the intertidal zone Akiyama et al. 2015) . These studies reported an increase in shear strength, and development of macrobenthic communities that were adapted to the sediment. Solidification of the slag was also reported; however, the causes were not identified. A study has shown that, when constructing seagrass beds in the subtidal zone, a base media consisting of dephosphorization slag and dredged soil was as effective at sustaining the growth of eelgrass as a mixture of silica sand and dredged soil, but no information was provided about solidification (Nishijima et al. 2015a) . Therefore, there are still unanswered questions about the solidification of steelmaking slags and the mechanisms that control solidification when used for restoration projects in the subtidal zone.
Dredged soil was used as a possible measure to counteract solidification because the organic acid in the soil was expected to inhibit possible reactions that might increase soil hardness, such as lime-pozzolanic reaction products (Harvey et al. 2010) . Previous studies have indicated that there are advantages associated with adding dredged soil to the basal media of eelgrass beds, such as its ability to support growth and its role as an anchor for plant roots (Nishijima et al. 2015b) . Furthermore, dredged soil contains organic matter and possesses ion-exchange capacity in its clay (e.g., Astera 2014), and it may inhibit increases in pH caused by the release of free Ca.
In this study, the process and mechanisms of solidification of steelmaking slag in the subtidal zone were investigated. In addition, dredged soil was added to the slag to examine whether it would prevent solidification.
Materials and methods

Sediment media
Dephosphorization slag provided by JFE Steel Co., Okayama was used, since this particular slag was known for its relatively low potential to release free Ca. The slag was sieved to 0.85-4.75 mm, and then was analyzed for its particle size distribution. Table 1 shows the chemical composition of the dephosphorization slag used in this study. Silica sand ( Supplementary Fig. A. 1) , purchased from Sun-Tec Co. Ltd., Aichi, Japan, with the same particle size distribution was used in the control experiment. Dredged soil was collected from Mizushima Bay, Okayama, Japan, using a grab bucket dredger. The dredged soil was made up of particles less than 75 lm, and its loss on ignition 
Solidification and its prevention by adding dredged soil
Dredged soil with a silt-clay content of 5-20 % on a dry weight basis was added to the dephosphorization slag. This ratio was chosen after consideration of the effects of the siltclay content on the uprooting force of eelgrass roots in the sediment media (Nishijima et al. 2015a) . A polypropylene container (/12.5 9 8 cm) was filled with each mixture(n = 3), and then the container was immersed in the sand-filtered seawater for 48 h at a ratio of 5 L container
and at a temperature of 20 ± 1°C. Immediately after immersion, and again after 48 h, the vane shear strength at a depth of 4 cm and the pH of interstitial water at a depth of 2 cm were measured to determine the mixing ratio to be used in further experiments. The preliminary experiments showed that additions of dredged soil lowered the vane shear strength, as mentioned later (Fig. 1) . Although the vane shear strength was not at its lowest when the silt-clay content was 15 %, this ratio was chosen for further testing because a higher ratio was preferable for growth of seagrasses such as eelgrass (Nishijima et al. 2015b ).
To determine whether slag solidification was prevented by adding dredged soil, 15 containers were filled with the mixture containing dredged soil at a silt-clay content of 15 % and then immersed in a fiber-reinforced plastic tank (140 9 65 9 30 cm) into which natural seawater from Aga Bay (Hiroshima, Japan) was poured at a flow rate of 1.00 L/min to maintain a water depth of 22 cm. The vane shear strength at a depth of 4 cm and the pH of the interstitial water at a depth of 2 cm were periodically monitored. This test was carried out twice. The pH values ranged from 7.80 to 8.50 and from 8.00 to 8.45, while the temperature of natural seawater was 8.3-27.1°C and 7.2-28.9°C in the 1st and 2nd experiments, respectively.
Accelerated solidification and embrittlement
As described in Sect. 3.2, the major mechanisms that controlled the aggregation of the slag particles and caused solidification were expected to be associated with iron oxides rather than free Ca, and the vane shear strength first increased and then decreased under solid-settlement conditions. The conditions in the sediment media gradually changed from oxidizing to reducing; therefore, it was hypothesized that the decrease in the vane shear strength was the result of changes in the chemical species of iron as the oxygen level changed. To verify this hypothesis, we carried out an accelerated solidification and embrittlement experiment. Briefly, a 5.7-L polypropylene container (30.6 9 24.2 9 10.3 cm) with 48 holes (/ 9 mm) in the bottom to permit inflow of seawater was filled with dephosphorization slag, through which the sand-filtered seawater (12.4-15.4°C, pH 8.08-8.21 ) was passed via an inflow into the bottom of the container. Once the measurements of the vane shear strength confirmed that solidification had occurred, the solidified slag was immersed into the seawater of which oxidation-reduction potential (ORP), and pH were, respectively, adjusted to less than -300 mV and to between 8.0 and 8.5 using Na 2 S•9H 2 O and HCl to achieve reducing conditions. In the control experiment, the ORP was not adjusted. Finally, the decrease in the vane shear strength associated with changes in the chemical species of iron was determined.
Analysis
The vane shear strength was measured using a shear strength meter (FTD10CN-S, FTD50CN-S, Seiken Inc., Japan) with a vane blade, the length and width of which were 4 and 2 cm, respectively. The pH (AS-212, As one Co., Ltd., Japan) was determined on the interstitial water that was sampled using porous media (Soil Water Sampler, DIK-8393, Daiki Rika Kogyo Co., Ltd., Japan), and the ORP at the surface of the slag was determined by an ORP meter (PH-230SD, Sato Shoji Co., Ltd., Japan). To determine what substances might have contributed to aggregation of slag particles, the aggregates were fixed by an epoxy resin and then sliced through the center. The crosssection of the slag was ground, and the substances that bound the slag particles were analyzed using an electron probe micro-analyzer (EPMA; JXA-8200, JEOL, Japan) to map the elements. Furthermore, the chemical forms of iron before and after exposure to reducing conditions in the accelerated solidification and embrittlement experiment were identified. The binding substances were obtained by scraping the surface of the aggregated slag with a plastic spoon. Powder samples were obtained after lyophilization, and these were subjected to 57 Fe Mössbauer and X-ray absorption fine structure (XAFS) spectra analyses.
A 57 Co(Rh) source was used in constant acceleration mode in the 57 Fe Mössbauer spectroscopic measurements, and the 57 Fe Mössbauer spectra were obtained using a Wissel Mössbauer spectrometer and a proportional counter. The isomer shift values were measured relative to metallic iron foil. The Mössbauer parameters were obtained by fitting a least-squares regression to Lorentzian peaks. Sulfur K-edge measurements (range 2460-2490 eV) were carried out using BL11 at the Hiroshima Synchrotron Research Center (Hayakawa et al. 2008 ). The synchrotron radiation from a bending magnet was monochromatized with a Si (111) double crystal monochromator. The XAFS spectra were measured both in the X-ray fluorescence yield mode using a silicon drift detector (SDD) (XR-100SDD; Amptek) and in the conversion electron yield mode. The step size for the measurement was 0.25 eV. The sulfur K-edge was calibrated with the cupric sulfate (CuSO 4 Á5H 2 O) peak set at 2481.6 eV (Backnaes et al. 2008) . In the XAFS analysis, the powder samples were mounted on double-sided tape (NW-K15; Nichiban) and placed in the central hole (15 mm in diameter) of a copper plate. In order to suppress X-ray absorption and scattering from the air, the sample chamber was filled with He. The angle between the incident X-ray and sample surface was adjusted at 20°, and the X-ray fluorescence was detected from the direction normal to the incident beam in the plane of the electron orbit of the storage ring.
Results and discussion
Effect of dredged soil additions on solidification of the dephosphorization slag Figure 1a shows the vane shear strength of the slag mixture immediately before and after 48 h of immersion in seawater. When dredged soil was added, the initial vane shear strength of the dephosphorization slag was suppressed compared to the shear strength when immersed on its own, while additions that exceeded a silt-clay content of 15 % resulted in reduced weakening of the shear strength. The suppression of the initial vane shear strength may have been the result of a slip effect between the dredged soil and the slag particles (Okumiya et al. 2001) , whereas the reduced weakening of the shear strength may indicate that a balance was achieved between the slip effect and the adverse effects caused by filling the interstitial spaces of slag particles with dredged soil (Frost and Han 1999) .
After 48 h, the vane shear strength increased in all samples (Fig. 1a) and was possibly the result of compaction and/or solidification. The increase in the shear strength was highest in the sample that was immersed alone, which suggests that aggregation of slag particles might occur. If it did occur, the vane shear strength would increase as time progressed. However, it was expected that free Ca-associated reactions may not have been the main control on the aggregation because the pH values in the interstitial water were almost the same in all the samples. Therefore, the effect of additions of dredged soil on the solidification of the dephosphorization slag was examined for about 6 months, while the solidification mechanisms were investigated in parallel. In this experiment, the dredged soil was mixed at a silt-clay content of 15 % because a higher ratio was preferred for growth of eelgrass (Nishijima et al. 2015b) .
The vane shear strength of the dephosphorization slag immersed alone increased from 1.9 to 4.7 kN/m 2 during the experimental period, whereas the vane shear strength of the dephosphorization slag was less than 1.5 kN/m 2 when dredged soil was added (Fig. 2a) . When silica sand was immersed on its own, the vane shear strength ranged from 1.0 to 1.5 kN/m 2 . Silica sand is inert in seawater, so the increase in the vane shear strength of the dephosphorization slag from 1.9 to 4.7 kN/m 2 confirms that the effect of compaction was very small compared with that of solidification. These results collectively confirm that additions of dredged soil suppressed solidification of the dephosphorization slag.
It is noteworthy that the pH in the interstitial water temporarily increased in the slag samples after 1 month (Fig. 2b) , although the measurement of the vane shear strength and pH after 48 h showed an elevation in the shear strength without an increase in pH (Fig. 1b) . Because both the vane shear strength and the pH increased after 1 month (Fig. 2b) , the involvement of free-Ca, such as precipitation of calcium silicate hydrate formed by a lime-pozzolanic reaction (Tsai et al. 2014) in the solidification of the dephosphorization slag was not ruled out. However, the main control on the aggregation of slag particles was not associated with free-Ca, as the vane shear strength of the dephosphorization slag immersed on its own was stable over a 2-month period even though there was a decrease in the pH of the interstitial water. When the vane shear strength was finally measured, the surface of the dephosphorization slag was the color of iron rust that was typical of iron oxyhydroxides. This indicates that iron was possibly involved in the aggregation and solidification of the dephosphorization slag. Therefore, the aggregated particles were analyzed using electron probe micro-analyzer (EPMA).
The role of iron compounds in the aggregation of slag particles Figure 3 shows the cross-section element mapping of the substances that bonded the particles of the dephosphorization slag when only immersed into seawater, in which the bridge appears in the middle. As expected, iron, oxygen, and magnesium were detected in the bridge, indicating that they were involved in the bridge formation. Calcium was surprisingly not detected, which confirms that the bridge substances were not the products of free-calcium associated pozzolanic reactions. In addition, iron showed the higher intensity than magnesium, while oxygen had the highest intensity. The intensity in EPMA was determined by normalizing the measured signals for each element; however, the content of iron as FeO (13.5 %) in the dephosphorization slag was much higher than that of magnesium as MgO (2.7 %) ( Table 1 ). These collectively confirmed that iron was more abundant than magnesium. The main control on the aggregation of the slag particles was therefore iron associated with oxygen. The chemical species of the iron compounds were not determined; however, because of the rust iron color, they were thought to be iron oxyhydroxides. Iron hydroxides are one of the stable species-group of iron in seawater (Millero et al. 1995) .
Solidification process under solid settling conditions
When dephosphorization slag is used to restore and create seagrass beds, suspended particles may settle onto the sediment media. The base media may be exposed to reducing conditions because of an increase in the organic matter content (Nishijima et al. 2015a; Terrados et al. 1999) . If iron oxyhydroxide-associated aggregation is the main control on solidification of the dephosphorization slag, exposure to reducing conditions may change the vane shear strength. To examine whether the solidification behavior of the dephosphorization slag changes along with changes in the oxidative/reductive conditions, the immersion experiment was repeated in such a way that suspended particles were allowed to settle onto the sediment media.
The vane shear strength of the dephosphorization slag immersed alone increased to 5.0 kN/m 2 in the first 5 months (Fig. 4) , which was similar to the previous experiment where the settled material was removed (Fig. 2a) . Conversely, the increase in the vane shear strength of the dephosphorization slag to which the dredged soil was added at a silt-clay content of 15 % was much less and was similar to the previous experiment (Fig. 2a) . After 5 months, the vane shear strength of the dephosphorization slag immersed on its own finally dropped to about 3.0 kN/m 2 . It should be noted that this value was within the range found in natural coastal areas (Whitehouse et al. 2000) . The physical characteristics of dephosphorization slag suggest that it could be used as the substrate media for seagrass beds on the condition that the solidified slag became brittle. After 10 months, the ORP and pH in the dephosphorization slag immersed on its own were -463 mV and 9.0, respectively. The ORP value indicates that the conditions were reducing, during which iron sulfides may form (Hayashi et al. 2014) . It is not clear as to whether iron compounds primarily controlled the solidification of the dephosphorization slag; however, it is expected that the change in the vane shear strength of the dephosphorization slag immersed on its own was caused by iron transformations that controlled the slag solidification in reducing conditions.
Iron compounds responsible for solidification and embrittlement
After being passed through the sand-filtered seawater, the vane shear strength of the dephosphorization slag increased from 1.4 kN/m 2 to about 4 kN/m 2 , similar to the values presented in Fig. 4 , thereby indicating the occurrence of solidification (Fig. 5a ). The ORP of the seawater was changed to achieve reducing conditions (from -200 to -400 mV, Fig. 5b) , and, after being immersed in the ORPadjusted seawater, there was a dramatic decrease in the vane shear strength as expected (Fig. 5a ). Because the vane shear strength did not change in the control experiment, this result confirmed that the change from oxidative to reducing conditions caused embrittlement of the solidified dephosphorization slag. As the oxygen status changed, the ferruginous color of the solidified dephosphorization slag turned black (Supplementary Fig. A. 2) , supporting the hypothesis that embrittlement occurred along with changes in the chemical forms of iron.
The 57 Fe Mössbauer spectra of the fresh dephosphorization slag (Fig. 6a) , and the bridge substances obtained from the aggregated slag particles on the 22nd day (Fig. 6b) and on the 23rd day (Fig. 6c ) after 1 day of exposure to the reducing conditions are compared in Fig. 6 . Two pairs of doublets with a large quadrupole-split and three pairs of sextet appeared in the spectrum of the fresh Fig. 3 Element mapping of substances bridging the dephosphorization slag particles Fig. 4 Changes of the vane shear strength of the dephosphorization slag and the slag mixed with the dredged soil (DS). Silica sand was used in the control experiment. Bars indicate the standard deviation (n = 3) dephosphorization slag at 298 K (Fig. 6a) . The doublet of the large quadrupole-split was the result of Fe 2? (relative area = 55 %). The isomer shift of the doublet with the small quadrupole-split (0.85 mm/s, relative area = 28 %) indicates intermediates between Fe 2? and Fe 3? . Thus, this doublet was caused by fine superparamagnetic magnetite. The sextets formed because of a-Fe (relative area = 5 %), Fe (relative area = 8 %), respectively, in descending order of the value of quadrupole-split. These results show that iron in the fresh dephosphorization slag was present mainly as Fe 2?
and partly as magnetite and a-Fe.
The spectrum of the bridge substances of the aggregated slag particles on the 22nd day at 298 K showed a pair of doublets (Fig. 6b) , while the spectrum at 78 K showed this doublet (relative area = 85 %) as well as a pair of sextets (relative area = 15 %). The isomer shift and the quadrupole-split of the doublet at 298 K (IS = 0.37 mm/s, QS = 0.65 mm/s) and at 78 K (IS = 0.47 mm/s, QS = 0.67 mm/s) agreed with that of c-FeOOH (Kamimura et al. 2002) . Furthermore, the sextet at 78 K also agreed with that of c-FeOOH (Kamimura et al. 2002) , thereby confirming that iron in the bridge substances in the aggregated slag particles mainly consisted of c-FeOOH.
The changes in the surface color of the solidified dephosphorization slag from iron were rust red to black ( Supplementary Fig. A. 2) , because of exposure to the reducing conditions (Fig. 5b) , suggesting that c-FeOOH may have been transformed to FeO, Fe(OH) 2 , and FeS 2 . As shown in Fig. 6c , the spectrum of the bridge substances at 78 K after exposure to the reducing conditions shows the doublet (IS = 1.28 mm/s, QS = 2.85 mm/s) due to Fe 2? , and indicates reduction of c-FeOOH. The production of Fe 2? at an ORP of between -399 and -230 mV (Fig. 5b ) and a pH of between 7.96 and 8.11 agree with the potentialpH diagram of iron (Rayner-Canham and Flynn 2010) . While confirming the reduction, c-FeOOH still remained, as shown by the doublet (IS = 0.46 mm/s, QS = 0.67 mm/s) and the sextet (IS = 0.69 mm/s, QS = -0.48 mm/s). Because there was little difference between FeS 2 and c-FeOOH in the doublets (Nasu 2005) , the bridge substances were subjected to further sulfur K-edge measurements using BL11 in the Hiroshima Synchrotron Research Center, HiSOR (Hayakawa et al. 2008) to confirm whether sulfide products were produced. Figure 7 shows the sulfur K-edge XAFS spectra of the bridge substances obtained from the aggregated slag particles on (a) the 22nd day and on (b) the 23rd day after 1 day of exposure to the reducing conditions. The bridge substances obtained from the aggregated slag particles on the 22nd day showed the spectrum identical to that of the sulfate. The bridge substances obtained from the aggregated slag particles on the 22nd day had 1 peak at 2481.7 eV, which indicates the presence of sulfate (McKeown et al. 2004 ). This suggests that there may have been seawater in the bridge substances.
Conversely, the bridge substances obtained from the aggregated slag particles on the 23rd day showed stronger sulfur signal after the reduction process. The X-ray fluorescence yield (XFY) around 2490 eV is less sensitive to the chemical state of sulfur, and the XFY normalized with the incident beam intensity could be used as a measure of the abundance of sulfur in the beam irradiating area. Although the amount of the sample was not identical between two samples, the fourfold increase of the XFY showed that the sulfur compounds were newly formed through the reduction process. Based on the peak position, sulfate, hydrosulfate, thiosulfate, elemental sulfur, and/or sulfide were potential candidate substances McKeown et al. 2004) , and the fitting analysis carried out using reference spectra shown in Supplementary These results indicate that the doublet (IS = 0.46 mm/s, QS = 0.67 mm/s) (Fig. 6c) was the result of c-FeOOH rather than FeS 2 (Fig. 6a) . The color of the solidified dephosphorization slag most likely changed to black because reduction of c-FeOOH continued to produce ferrous compounds such as oxides at the surface.
The combination of Mössbauer and XAFS spectroscopy indicated that under reducing conditions, c-FeOOH, the substance that was mainly responsible for the solidification of dephosphorization slag, was partially reduced to produce the ferrous compounds. Although the chemical species of ferrous compounds were not identified in this study, Fe 2? is more easily released from iron oxides into water than Fe 3? . Reduction of c-FeOOH followed by dissolution of Fe 2?
was proposed as the mechanism for the embrittlement of the solidified dephosphorization slag under reducing conditions.
Using dephosphorization slag in coastal areas as an alternative to sea sand Steelmaking slags have been proposed as an alternative to sea sand for constructing shallow bases such as seagrass beds because of mass production and wide availability; however, there is a concern about solidification of steelmaking slags in the subtidal zone. The results of this study confirmed that the dephosphorization slag did solidify and also demonstrated that the vane shear strength was about 5 kN/m 2 after being submerged for 5 months in seawater; however, subsequent exposure to reducing conditions caused embrittlement of the solidified dephosphorization slag. Finally, the vane shear strength of the solidified dephosphorization slag decreased to about 3.0 kN/m 2 , which was within the range found in surface of natural coastal areas (Whitehouse et al. 2000) . In addition, the results showed that c-FeOOH, the compound that controlled the solidification, was reduced to Fe 2? when the ORP and pH were between -100 and -200 mV and 8.0 and 8.5, respectively (Rayner-Canham and Flynn 2010). These ORP and pH values are similar to those observed in natural coastal areas. For example, Li et al. (2009) reported ORP values between -154 and 174 mV, while Frankignoulle and Bouquegneau (1990) reported pH values between 7.9 and 8.3. These results suggest that c Fig. 6 a Mössbauer spectrum of the fresh dephosphorization slag, bridge substances obtained from the aggregated slag particles on b the 22nd day and on c the 23rd day after 1 day of exposure to reducing conditions solidification may not be an issue when dephosphorization slag is used in the subtidal zone. If the pH and ORP are expected to be beyond the range at which reduction of cFeOOH to Fe 2? occurs, the slag may be mixed with dredged soil to prevent solidification.
The present study provides evidence that, based on its physical characteristics, dephosphorization slag can be used in the same way as sea sand as the medium for growing seagrass beds. Questions, however, remain regarding its suitability as a habitat for seagrasses and benthic organisms (Nishijima et al. 2015a ) and changes in the chemical properties of dephosphorization slag, especially elution of inorganic matter. These questions should be addressed in further researches.
Conclusions
The aim of this study was to determine the solidification process of a particular steelmaking slag known as dephosphorization slag in the subtidal zone and to determine whether its solidification could be prevented by adding dredged soil. In seawater, the dephosphorization slag was solidified to attain a vane shear strength of about 5 kN/m 2 ; however, additions of dredged soil suppressed the solidification. When the suspended solids were allowed to settle onto the solidified dephosphorization slag, reducing conditions were maintained in the sediment environment, which caused embrittlement of the solidified dephosphorization slag. This phenomenon was reproduced in the accelerated solidification and embrittlement experiment. Bridging of the slag particles occurred when the dephosphorization slag solidified under oxidative conditions, and the Mössbauer spectrometry showed that the main control on the bridging process was c-FeOOH. Furthermore, the results of Mössbauer and XAFS spectrometry suggested that the embrittlement of the solidified dephosphorization slag under reducing conditions was due to reducing transformation processes of c-FeOOH, such as the production of Fe 2? . Fig. 7 Sulfur K-edge XAFS spectra of the bridge substances obtained from the aggregated slag particles on a the 22nd day and b the 23rd day after 1 day of exposure to reducing conditions. The result of the curve fit was imposed over the spectrum a with the black circles
